We propose a rather general description of residual New Physics (NP) effects on the top quark couplings. These effects are described in terms of 20 gauge invariant dim = 6 operators involving gauge and Higgs bosons as well as quarks of the third family. We compute their implications for the γtt, Ztt and tbW vertices and study their observability in the process e − e + → tt with t → bW → bℓ + ν ℓ . We present results for the integrated cross section, the angular distribution and various decay distribution and polarization asymmetries for NLC energies of 0.5 − 2 T eV . Observability limits are discussed and interpreted in terms of the NP scales associated to each operator through the unitarity constraints. The general landscape of the residual NP effects in the heavy quark and bosonic sectors is also presented.
Introduction
It is commonly hoped that the high value of the top mass may open a window towards understanding the mass generation mechanism. It is then important to look at the top quark interactions in a very accurate way, searching for possible departures from universality, which are somehow associated with the heavy t-mass; i.e. differences from the properties of the light quarks and leptons. This is particularly true, if no new particles are lying within the reach of the contemplate Colliders. Such top-mass effects are of course well known for certain Standard Model (SM) electroweak radiative corrections. They increase like m 2 t ; as e.g. in the so-called δρ or ǫ 1 parameters [1] . Our search for NP will then concentrate on whether there exist any additional effects, somehow related to the scalar sector and the large top-mass, m t , which are beyond those expected in SM.
The most intriguing hint towards this kind of NP is provided by the present situation concerning the Zbb vertex. This vertex receives a well known SM contribution [2] proportional to m 2 t , which does not seem sufficient though, to explain the data. Indeed, the experimental results at LEP1 and at SLC suggest that the SM top effect in ǫ 1 agrees with the top mass value found at Fermilab, while no corresponding agreement is observed for Γ(Z → bb) [3] . Thus, if the present experimental result on Γ(Z → bb) is correct, it probably indicates the appearance of a mechanism whose origin must lie beyond SM. Various types of ideas for this new physics are possible, partially stemming from the fact that the Left-versus-Right structure of the Zbb vertex is not yet completely established [4, 5, 6 ].
An additional measurement allowing to determine the asymmetry factor A b is required to clarify the Z → bb situation. This can be achieved either by measuring the forwardbackward asymmetry at LEP1, or more directly from the measurement at SLC of the polarized forward-backward asymmetry [3] . At present there exists some disagreement between these two measurements. But in any case, the data seem to suggest that if an NP effect is present, then it should predominantly be affecting the right-handed Zbb amplitude. The situation is further complicated by the observation of a (weaker) anomalous effect in the Zcc vertex, which cannot be associated to an obvious virtual top quark contribution and requires a more direct NP source affecting light quarks also [7] .
We assume here, that in the foreseeable future, no new particles will be found, beyond those present in 1 SM. In such a case, NP could only appear in the form of residual interactions generated at a very large scale; i.e. Λ N P ≫ M W . It may turn out that these residual interactions stem from the scalar sector and affect only Higgs and its "partners"; i.e. the fermions coupled most strongly to the scalar sector and the gauge bosons. Under these conditions, NP should be described by an effective lagrangian expressed in terms of SU(3) c × SU(2) × U(1) gauge invariant dim = 6 operators, involving the Higgs together with W, Z, γ, the quarks of the third family and the gluon. To somewhat restrict the number of such operators, we impose the constraint that the quark depending operators should necessarily involve at least one t R field [5] . We do this motivated by the form of the SM Yukawa couplings in the limit where all fermion masses, except the top, are neglected. In the present work we also impose CP invariance for NP, and disregard operators which, (after the use of the equations of motion), would have rendered 4-quark operators involving leptons or light quarks of the first two families.
There exist 14 such CP-conserving "top" operators which have been classified in [5] . In addition, there exist 6 CP-conserving purely bosonic ones, which are "blind" with respect to the LEP1 Physics and have been studied in [8, 9] . The indirect constraints on these operators from the LEP1/SLC measurements (including those from Z → bb), have been established in [5] for the "top" operators, and in [9, 8, 4] for the bosonic ones. These constraints appear to be quite mild, calling for a more detail study in a higher energy collider. Towards this aim, the observable signatures of the bosonic NP operators through the high energy processes e + e − → W + W − [10, 11] , e + e − → HZ and e + e − → Hγ [12, 13] have already been studied.
In the present work we are interested in the more direct tests of the above operators that will be provided by the real top production process e + e − → tt and the decay t → W b → bl + ν. Such a study should considerably improve the existing sensitivity limits on this kind of NP. Since we expect the NP effects to be rather small, it is sufficient for the calculation to restrict ourselves to the leading contributions. Thus, we either restrict ourselves to the tree level contribution, whenever this is non-vanishing or (if it vanishes) retain only the leading-log 1-loop effect, provided it is enhanced by a power of the large top mass, m t . Under these conditions, box diagrams are never important in our studies. Thus, we just need to determine the NP effects on the γtt, Ztt and tbW vertices.
The interesting physical quantities are the integrated cross section, the density matrix of the produced t quark, and various angular distributions. We show how the density matrix elements can be measured through decay distributions with or without e ± -beam polarization. The sensitivities of the various observables to each operator are presented and the observability limits for the associated couplings are established. With the help of unitarity relations, these limits are translated into lower bounds on the scale of corresponding New Physics. Finally we draw the panorama of the knowledge that one can reach on the whole set of top and bosonic operators through these tests, as well as through the previous indirect ones.
The contents of the paper are the following: In Section 2 we enumerate the dim = 6 operators used to construct the effective NP lagrangian, and define their couplings and associated NP scales. In Section 3 we compute the corresponding general e + e − → tt helicity amplitude and the top density matrix. Section 4 is devoted to the t → bW → bℓ + ν ℓ decay of the produced top quark. In Section 5 we compute the SM 1-loop m 2 t -enhanced contributions to these amplitudes; and in Section 6 the leading NP contributions for all operators considered . The resulting panorama of residual NP effects is discussed in Section 7. Two appendices give details about the computations of the NP effects and the decay distributions and asymmetries.
2 The effective lagrangian.
The list of the dim = 6, SU(3) c × SU(2) × U(1) gauge invariant and CP-conserving operators involving the third family of quarks with at least one t R field 2 , together with gauge and scalar boson fields, has been established in [5] . These operators are divided into two groups containing four and two quark fields respectively.
1) Four-quark operators
2) Two-quark operators.
where λ a (a = 1, ..., 8) are the usual eight colour matrices.
In the preceding formulae the definitions
are used where v ≃ 246 GeV , Y is the hypercharge of the field on which the covariant derivative acts, and − → τ and − → λ are the isospin and colour matrices applicable whenever D µ acts on isodoublet fermions and quarks respectively. As already stated, in writing (1-14), we have used the equations of motion. If these later equations were not used, then two more operators are met which contain additional derivatives [14] .
3) Bosonic operators. In addition to the above fermionic dim = 6 operators, NP may also be hiding in purely bosonic ones. Provided CP invariance is imposed, this kind of NP is described by 11 dim = 6 purely bosonic operators first classified in [8] . Here, we retain only the six "blind" or "super-blind" ones [15] , which are not severely constrained by the Z-peak experiments [16] . They are:
The remaining five operators [8] are ignored here, since they are either too severely constrained, or they give no contribution, (up to the 1-loop level), to the processes we study 3 . The resulting effective lagrangian describing the residual NP interactions is written as
where the contribution from the 14 (i = 1...14) "top" operators is
while the purely bosonic ones give
As a whole we have 20 independent operators that we shall occasionally globally label as O i , with i = 1, ...20.
To each of the coupling constants f i (or λ W , d, d B ) appearing in this lagrangian, a corresponding New Physics scale Λ N P is associated through the unitarity relations established in [18, 12, 14] . Obviously Λ N P generally depends on the operator O i considered. Thus for the 6 purely bosonic operators we have found 4 [18, 12] α s .
At present the most important constraints on these couplings arise from the Z-peak experiments at LEP1/SLC, [20, 16] . In a near future the process e + e − → W + W − at LEP2, is expected to give direct constraints on the bosonic operators in (17) (18) (19) [11, 10] . In addition, if the Higgs boson is light enough the processes e + e − → HZ and e + e − → Hγ will also produce constraints on the 3 other bosonic operators (20) (21) (22) [12] . In Section 6, all these constraints will be presented together with the observability limits that could be derived from the e − e + → tt and t → bW processes.
3 The e − e + → tt amplitude
As it has been mentioned in the Introduction, box diagrams are never important for calculating the leading NP effects in e − e + → tt. The amplitude has therefore a tree-level structure with γ and Z exchange in the t-channel. Therefore, we only need to determine the V tt, (V = γ, Z) vertex, whose most general CP-conserving form is
where ǫ V µ is the polarization of the vector boson V. The outgoing momenta (p, p ′ ) refer to (t,t) respectively and satisfy q ≡ p + p ′ . The normalizations are determined by e γ ≡ e and e Z ≡ e/(2s W c W ). The couplings d V i are in general q 2 dependent form factors. The contributions to these from SM at tree level are
In addition, there exist SM contributions to these couplings at the 1-loop level, d 
) we need to go to the 1-loop in order to find a non-vanishing leading-log contribution which is also enhanced by a power of m 
we get no such leading NP contribution, up to the 1-loop order.
The e − e + → tt helicity amplitude is written as F λ,τ,τ ′ , where λ ≡ λ(e − ) = −λ ′ (e+) = ±1/2 denote the e − , e + helicities, while τ and τ ′ represent respectively the t andt helicities. For completeness we also mention that the (e − , e + ) incoming momenta are denoted as (k, k ′ ), while the (t,t) outgoing momenta are (p, p ′ ). Using the couplings defined in (44), we write
with
, θ is the (e − , t) scattering angle in the (e − , e + ) c.m. frame. The amplitude is normalized so that the unpolarized e − e + → tt differential cross section is given by
where
1/2 and the colour factor has been included. We note that CP invariance implies [21] F
which is of course satisfied by (46). In fact, at the level of approximations used in constructing (46), CPT implies also
which indicates that all helicity amplitudes must be real. Because of CP and CPT symmetries, it turns out that the simple t (ort) decay distribution contains all information that can be extracted from the amplitudes in (46). Thus, nothing more can be learned by considering the combined decay distributions of t andt simultaneously. It is, therefore, sufficient to consider only the simple spin density matrix of the produced t ort. For top-quark , this is
where L, R correspond respectively to λ ≡ λ(e − ) = −λ ′ (e+) = ∓1/2. There are only six independent elements (real in our case), ρ
−+ , which can be measured through the top production and decay distributions. Each ρ element has a typical angular distribution given in terms of the form (1+cos 2 θ), sin 2 θ and cos θ, producing symmetrical and asymmetrical θ-distributions. Combining this with the decay angular information, various ρ elements can be isolated. Performing such measurements at a few e − e + energies, even for unpolarized beams, one can define a sufficient number of independent quantities that can be used to determine the six couplings d
Many of these quantities, (and in particular those of interest here), are forward-backward asymmetries in the angular distribution of physical observables concerning the produced top-quark. QCD effects to these observables are probably small [19, 22] , and in any case they should be incorporated in our formalism in the future.
Electron beam polarization should provide an independent and maybe cleaner way to disentangle these couplings, through the separation of left-handed (L ⇔ λ = −1/2) and right-handed (R ⇔ λ = +1/2) contributions. Thus, in addition to the unpolarized quantities, we would then also have the L − R ones. This way, the information from the usual unpolarized L + R integrated cross section σ(e − e + → tt), will be augmented by the availability of also σ L and σ R allowing us to measure the integrated left-right asymmetry
. Similarly, any forward-backward asymmetry constructed for the unpolarized (L + R) case will be accompanied by the corresponding one in the polarized (L − R) case. Details are given in Appendix B, where we thus define the six forward-backward asymmetries A F B , A F B,pol , H F B , H F B,pol , T F B , T F B,pol .
4 t → W b decay amplitudes and induced asymmetries.
are the related momenta, will be used to construct the asymmetries mentioned in the last paragraph of the previous section which are sensitive to the NP couplings affecting the e − e + → tt, and to (a lesser extent) the ones determining t → bW . To describe the NP effects in the t decay, we write the general t → W + b vertex in terms of four invariant couplings, related through CPT invariance to the other four invariant couplings fort → W −b . These couplings are given by 
are computed in Sect. 5 and they also satisfy the relations d
Finally the NP contributions to top decay are also given in Appendix B and collected in Sect. 6. Here we only note that the operators (O t3 , O Dt , O tW Φ ) contribute already at the tree level, while
give no such contribution to t → bW , up to this order.
In Appendix B we give the explicit forms of the asymmetry observables, sensitive to the production couplings defined in (44), and the decay ones in (51). Since we expect the NP effects to be small, we are only interested in observables that are sensitive to the interferences between the NP and the tree-level SM effects. Below, we first comment on the asymmetries sensitive to the decay couplings and then on the production ones.
The t → bW + → bl + ν observables which are interesting to measure are those sensitive to the interference between the NP and the tree-level SM effects. It turns out that these depend only on the combinations (d
couplings have the peculiarity of leading only to a W, longitudinally polarized along the t quark momentum, whereas d ) can contribute linearly to the asymmetries relevant for the top decay distribution. In Appendix B, two versions of such an asymmetry are given, referring to the angular distribution of the lepton coming from the semileptonic t ort decay.
The other combination (d
) cannot be seen at linear order through asymmetries. For a physical quantity sensitive to it, we have to look at the partial width Γ(t → W b)
where it appears multiplied by the CKM matrix element also. Unfortunately, the width Γ(t → W b) cannot be directly measured to the necessary accuracy. Only indirectly can this be done, either using the fusion process W γ → tb accessible at an e − e + collider in the eγ mode (through laser backscattering); or using reactions like qq′ → tb and W g → tb accessible at the Tevatron and LHC colliders respectively. For such a measurement, one can expect an accuracy of only about 20 to 30 % for (d
) [23, 24] . We next turn to the asymmetries sensitive to the production couplings defined in (44). For constructing them, we need a description of the angular distribution of top production and decay. Below, we only give expressions for completely longitudinally polarized beams. In such a case, the angular distribution for e − e + →tt(t → bW → blν l )) can be written as
where (L, R) correspond to λ ≡ λ(e − ) = −λ ′ (e+) = ∓1/2 respectively and t τ 1 τ 2 is the tquark decay matrix constructed in terms of the helicity amplitude M τ (t → bW + → bl + ν), with τ being the top helicity. We thus have
where Γ t is the total top-width, spins means summation over the final (b, l + , ν l ) spins and dΦ 3 (blν l ) is the usual 3-body phase space describing t decay in its rest frame, [25] .
It is convenient to express the 3-body phase space in terms of the Euler angles determining the t-decay plane. We start from the process e
in the center of mass frame, where with θ we denote the (e − , t) scattering angle. The t-quark rest frame (called t-frame hereafter) is then defined with its z-axis along the top-quark momentum; the x-axis is taken in the (tt) production plane, so that the y-axis is perpendicular to it and along the direction of − → k × − → p of the e − and t momenta. In this t-frame we define the top decay plane through the Euler angles (ϕ 1 , ϑ 1 , ψ 1 ) described in Appendix B. In addition, within the top decay plane we define θ l as the angle between the lepton momentum and the top momentum, after having boosted to the W-rest frame [19] . It is related to the l + energy in the t-frame by
where the (b, l + ) masses are neglected. In terms of the Euler angles, the 3-body phase space becomes [25] 
after including the constraint that the lν pair lies at the W mass shell. Like ρ, the matrix t τ 1 τ 2 also involves three real independent elements (τ 1 τ 2 ) = (++), (−−) and (+−).
They are explicitly written in terms of the above angles in Appendix B. Using these, we construct the three forward-backward asymmetries for the unpolarized case (L + R) and another three for the polarized one (L − R), which can be used to measure the production couplings in (44).
5 Leading m t -enhanced SM contributions at 1-loop.
In the present section we study the 1-loop, m t -enhanced SM contributions to e − e + → tt and t → bW . Technically this means that we consider the large m t limit of the 1-loop diagrams, keeping m H /m t and s/m 2 t ≡ q 2 /m 2 t finite. Such a study is useful for checking the possible appearance of any large m t effect. It is also instructive for comparison with the corresponding NP effects. The relevant diagrams supplying such m 2 t enhancements consist of triangular vertex-diagrams for the γtt ,Ztt, W tb vertices, and also of the t and b self-energy diagrams; involving exchanges of goldstone bosons and the physical Higgs. Diagrams involving gauge boson exchanges, or box diagrams, cannot generate m 2 tenhancements. We have checked that these contributions to the form factors in (44, 51) are gauge invariant and determine the complete SM large-q 2 , large-m t effect in e − e + → tt and t → bW . Note that we leave aside the gauge boson (γ, Z, W ) self-energy contributions which are universal (i.e. not related to the tt channel) and are taken into account in the usual renormalization procedure, [26] . For q 2 > ∼ 4m
, and
with η = (q 2 + iǫ)/(4m [27] .
In Fig.1 we plot (in units of the coefficient C ≃ 0.003), these SM contributions to the six form factors, as functions of
2 we find from this figure an effect of the order of 1% for the vector γtt coupling, and of the order of 3 per mille for the other vector and axial couplings. The "derivative" d γ, Z 3 couplings are somewhat weaker. We next turn to the m 2 t -enhanced SM corrections to the t → bW decay. The resulting 1-loop contributions, expressed in terms of the decay couplings defined in (51), is
6 We thank N.D. Vlachos for his help in this numerical computation.
where For m H = 0.1 T eV these equations give
Comparing the definition of the various couplings given in (51), with the relations (75,76), we remark that the SM m 6 The NP effects.
In Appendix A we enumerate the relevant diagrams giving the leading NP contribution to e − e + → tt and t → bW , for each kind of operator. Since box diagrams are never important, the leading NP contribution to e − e + → tt can be expressed in terms of the NP contributions to the form factors introduced in (44). Here, s = q 2 ≥ 4m 2 t is understood. As already stated, the operators (
We next turn to the operators contributing only at the 1-loop level. As explained above, we consider only the leading NP effect determined by the divergent part 7 of the Feynman integrals, provided it is enhanced by some power of m 2 t . The contributions from the "top"-involving operators are then expressed in terms of
with Λ being the divergent integral cutoff identified with the NP scale Λ N P , and µ ∼ √ s being the scale where the effective coupling is measured. For the purely bosonic operators, due to their different normalization implied by (24, 25) , we should replace in
Similarly, for the t → bW couplings defined in (51), the non vanishing tree level NP contributions are
Correspondingly, the non vanishing 1-loop m 2 t -enhanced NP contributions (for the operators which do not have any tree-level ones) are
We now review the NP effects of each operator on the various observables. First note that the operators O (8) tb and O t1 give no contribution (within our approximations) to either production or decay. The effects of the rest are illustrated in Table 1 , where we give the NP couplings used and the implications for the t → bW decay observables. The effects on top production through e − e + → tt are presented in 8 Figs.2-9c.
Fig.2: NP effects for
and O Φ2 , using the NP couplings shown in the second column of Table 1 . 8 Note that in the figures, the signatures of O (8) qt are never shown explicitly, since they are identical to those from O qt , apart from an overall normalization factor of 16/3. are not shown since they are small.
In order to make the production effects clearly visible in the figures, we have chosen the NP couplings such that the NP effect is about ±30% of the SM prediction on the integrated cross section. A corresponding choice with respect to the NP contribution to Γ(t → bW ) has also been made for those operators which contribute only to decay and not to production. The third column in Table 1 identifies the operators giving non-vanishing contribution to top production either at the tree or at the 1-loop level. The rest of the columns in Table 1 describe the NP effects on Γ(t → bW ) and the two forward-backward asymmetries constructed in Appendix B for the semileptonic top decay. In Fig.2 we give the NP results for the integrated unpolarized cross section σ(e − e + → tt) for the O qt case. Similar results would appear for all other operators, if the associated coupling constants take the values given in Table 1 . The particular characteristics of each operator may then be studied by looking at the other observables appearing in the 4th-6th columns of Table 1 The values for the coupling constants used in Table 1 , are often unacceptably large, either because of the existing indirect experimental constraints, or because they would imply, through unitarity, a very low NP scale. Nevertheless we used them in order to make the NP effects in the figures clearly visible. The expected luminosity for a future linear collider is commonly taken as 80(s/T eV 2 ) f b −1 per year. Since, the SM cross section for e + e − → tt is about 170(T eV 2 /s) f b, we expect a rate of more than 10 4 events/year, implying a statistical accuracy of ∼ 1% for the various physical quantities. The implied observability limits to various NP couplings are presented in Table 2 , where we also give the present constraints [20] . In getting them, we have always assumed that only one NP operator acts at a time. Moreover, we have conservatively assumed a total (statistical + systematical) relative accuracy of 5% on the integrated cross section for unpolarized e ± beams and an absolute 5% accuracy on the asymmetries defined in Appendix B. More precise numbers require of course detailed Monte Carlo analyses, taking into account the precise experimental conditions. Finally, using the unitarity relations presented in Section 2, we translate the observability limits on the various NP couplings, to bounds on the highest related NP scales Λ N P , to which the specific measurements are sensitive. These bounds are also indicated in Table 2 . In the last three columns we have indicated for each operator separately, the constraints established in ref. [5] and the expected LEP2 sensitivity. In all cases except for the Z → bb case, the absolute value of the coupling constant is meant.
The following comments should now be made concerning the properties of the various operators and the observability limits presented in Table 2 : Four-quark operators O qt and O
qt : Both operators lead to the same effects (apart from an overall normalization factor 16/3). They both contribute, at 1-loop, only to the vector and axial form factors d They do not contribute to the top decay. So their modifications of the SM predictions are always rather uniform as one can see on the figures. The observability limits obtained either from the integrated cross section or from H F B , appear to be just marginally compatible with the LEP1 constraint from Z → bb, to which they also contribute at 1-loop, [5] .
O tt : It induces (through 1-loop) a purely right-handed NP effect to the γtt and Ztt couplings. There exist no Z-peak constraint on O tt . The observability limit mainly comes from H F B . No effect is generated in top decay.
O tb : Its effect is similar to the O tt one. However, it also gives a purely right-handed contribution to Z → bb, which is thus providing a LEP1 constraint. Its observability limit in Table 2 , is just allowed by the present LEP1 results. No effect is generated in top decay. O
tb : This operator produces no effect in the processes studied here or in Z-peak physics.
Oand O
qq : They contribute (at the 1-loop level) to the t → bW decay couplings d W j giving a σ µν -type contribution affecting only the right-handed b R field. They also give a σ µν contribution to Z → bb. Both effects are too small to be observable for reasonable values of the coupling constants. They give no contribution to the γtt or Ztt vertices. Table 2 : Sensitivity limits to "top" and "bosonic"operators in terms of NP couplings and related NP scales Λ N P (TeV) Operator 
Two-quark operators. O t1 : No effect is generated in top production or decay or in Z-peak physics.
O t2 : It gives a purely right-handed tree level contribution to the Ztt coupling. At the 1-loop level, it also contributes to ǫ 1 and to the Zbb vertex in a purely left-handed way. Present constraints from ǫ 1 are marginal. There is no effect on the γtt and tbW vertices at tree level. O t3 : At tree level, it produces a right-handed contribution to the tbW vertex. Its most impor-tant constraint should come from Γ(t → bW ). There exists no constraint from Z peak physics.
O Dt : At the tree level, it contributes a derivative coupling to the Ztt vertex, and has righthanded contribution to tbW . At the 1-loop level, it contributes to ǫ 1 and to Zbb in a left-handed way, [5] . Present constraints from Z-peak are rather marginal. In the linear colliders, the dominant effect should come from A F B,pol (e − e + → tt). O tW Φ : It produces genuine tree level magnetic type σ µν couplings to the γtt, Ztt and tbW vertices. The tbW vertex has the additional characteristic that it only involves the lefthanded b L -field. O tW Φ is presently constrained only by its 1-loop contribution to ǫ 3 [5] . The observability limit in the linear colliders arises from the integrated production cross section, the top decay width and the decay asymmetries; (mainly the D 2 F B ). This observability limit will supply only a very minor improvement to the present one from ǫ 3 . This operator could further be checked by looking for an enhancement in the decay t → W Zb, with the Z decaying into lepton pairs [24] . It can also contribute to t → W Hb, provided H is sufficiently light.
O tBΦ : It produces similar tree-level effects to the γtt and Ztt vertices, but no contribution to tbW . The effect in the integrated cross section is similar to the one due to O tW Φ , but the effect on ǫ 3 is weaker, leaving more chance for observability.
O tGΦ : At the 1-loop level, it produces genuine magnetic type σ µν couplings to the γtt, Ztt and tbW vertices. The tbW vertex has the additional characteristic that it only involves the left-handed b L -field. These properties are like those for O tW Φ ; but appearing at 1-loop, rather than at tree level. As a result, there is now no contribution to ǫ 3 at 1-loop. Future constraints to O tGΦ from linear colliders should arise from studies of the integrated cross section, the decay width and the top decay asymmetries.
Bosonic operators. The effects of these operators on the γtt, Ztt or tbW vertices, arise only at the 1-loop level.
O W : It contributes only to the left-handed γtt and Ztt form factors. A visible effect from them at a linear collider could appear in H F B and in the cross section. The needed value of the coupling falls just below the visibility domain of LEP2. No effect is generated in the decay.
O W Φ : It contributes to the vector and axial form-factors for the γtt and Ztt vertices. For the tbW vertex, O W Φ creates a left-handed and a derivative coupling, such that a left-handed b L field is only involved. The visible effects from these couplings at a linear collider are similar to those expected from O W , and the same situation with respect to LEP2 is valid. The expected effects on t → bW seem to be below the observability level.
It induces the same type of couplings as O W Φ . The sensitivity in H F B is now somewhat better though; so that there exists the possibility of a visible effect from the γtt and Ztt vertices, which will not be already excluded by LEP2. The effects on the t → bW decay are still unobservable.
O U W : As in the O tGΦ case, it produces genuine magnetic type σ µν type couplings to the γtt, Ztt and tbW vertices. The tbW vertex has the additional characteristic that it only involves a left-handed b L -field. Note, that these same properties also arise in the O tW Φ case, where they are induced at the tree-level though. Another thing to note is that O U W is very mildly constrained by Z-peak physics, which is also valid for O tGΦ , but not true for O tW Φ . A most distinctive signature discriminating O U W from the other two operators, may be obtained by studying e − e + → ZH, γH [12] .
As far as the γtt and Ztt vertices are concerned, the results are similar to the O U W ones, but their ratio is different. For O U B we have d This operator produces a purely axial Ztt vertex, and a left-handed tbW one. There is no γtt vertex induced. Visible effects from Ztt could be obtained by looking at H F B and the integrated cross section. The study of Γ(t → bW ) should also help. Like the two previous operators, it could however be more strongly constrained by direct Higgs production.
Panorama of residual NP effects in the heavy quark and bosonic sectors
We have considered the possibility of anomalous top quark couplings induced by residual NP effects, described by twenty dim = 6 gauge invariant operators. Fourteen of them involve the top quark, and the other six are purely bosonic. The couplings of these operators are associated to a NP scale through unitarity relations.
We have computed the effects of these operators in e + e − → tt and t → bW decay. For e + e − → tt, these effects are described in terms of six independent form factors for the general γtt and Ztt vertices. Correspondingly, the t → bW decay is described in terms of four couplings denoted as d W j . The top quark density matrix can thus be expressed in terms of these form factors and couplings. We have shown how one can analyze this density matrix in order to get information on the possible forms of NP induced by the various operators. The extra information brought by polarized e ± beams, is also considered. Thus, in addition to the integrated unpolarized cross section and the L-R asymmetry, it is possible for polarized beams to construct six different forward-backward asymmetries which should allow to disentangle the effects of the six form factors d
. It is more difficult to disentangle the NP effects on the t → bW decay, as no accurate measurement of Γ(t → bW ) is expected, and only one particular combination of decay couplings can easily be measured through an asymmetry with respect to the final lepton, in a semileptonic top decay 9 . The consequences of the NP operators on the above form factors and d W j couplings were calculated to first order in the NP couplings. The calculation was done to the tree level, whenever this gave a non-vanishing contribution. In case there was no such contribution, we performed a calculation at the 1-loop level, keeping only the leading-log m t -enhanced part. Numerical illustrations have been given for the various observables, which reflect the specific properties of each operator. We have then established the corresponding observability limits for each operator in terms of the associated coupling constant and identified the related NP scale. The results can be summarized as follows.
4-quark operators: Among the seven 4-quark operators, four of them O qt , O (8) qt , O tt , O tb , could give sizeable 1-loop effects in e + e − → tt. O tt is not constrained by Z peak physics, which means that e + e − → tt would provide a completely new test. The three other operators produce 1-loop effects also in Z → bb, which have been studied in [5] . The departure from SM presently observed in Γ(Z → bb), if attributed to one of these three operators, could produce effects which should be easily visible in the O tb case, but would only be marginally observable for O qt and O (8) qt . Concerning the remaining three 4-quark operators, we note that Oand O (8)are constrained essentially only by t → bW [5] , while O (8) tb is not sensitive to Z-peak physics or e − e + → tt, t → bW . 2-quark operators: Four of the seven 2-quark operators, O t2 , O Dt , O tW Φ and O tBΦ , produce tree-level effects in e + e − → tt, while O t3 produces a tree-level effect only in t → bW . O tGΦ contributes at 1-loop level to both production and decay. However the above four operators O t2 , O Dt , O tW Φ , O tBΦ generate also some ǫ j contribution to Z-peak physics. This seems to already exclude an observable effect from O t2 and O Dt , but leaves some range for observability to O tW Φ and O tBΦ .
Concerning the rest of the 2-quark operators, we remark that O t3 and O tGΦ are presently unconstrained; so e − e + → tt and t → bW → bl + ν would provided genuine new tests of them. O t1 is not observable through these processes though, and its study requires ttH production [28] .
Bosonic operators: All six bosonic operators contribute at 1-loop to e + e − → tt. Moreover, O W Φ , O U W and O Φ2 could also significantly contribute to t → bW . The operators O W , O W Φ and O BΦ should have an observability level which would not be excluded by LEP2. Notice that O W Φ has a 1-loop effect in Z → bb which could explain the observed anomaly there [4] . In this case large effects should be observed in tt production. However a direct study of these operators in e + e − → W + W − at NLC should be even more stringent. The three other bosonic operators involving Higgs field are almost unconstrained at present. So nothing excludes their appearance. However if the Higgs mass is low enough to allow for e + e − → HZ or e + e − → Hγ at LEP2 and/or at NLC, then these processes would improve the sensitivity limits on these operators by 2 orders of magnitude.
In conclusion the process e + e − → tt should bring essential information on residual NP effects affecting the heavy quark sector as well as the bosonic (gauge and scalar) sector. Its main interest is that it provides direct tests of the presence of genuine operators involving the third family of quarks. It could give hints about the origin of the anomalies recently observed in the Zbb couplings.
Appendix A : New physics vertices generated by the effective lagrangian
It is easy to see that the leading-log m 2 t -enhanced NP contributions to e − e + → tt (up to the 1-loop order), come exclusively from vertex diagrams for the γ → tt and Z → tt vertices and from self-energies. The same is of course true for the diagrams affecting t → bW . Thus, box diagrams never appear. Below we enumerate these contributions for the various operators. Four-quark operators: They contribute to the vertices γtt, Ztt, tbW through 1-loop diagrams involving a 4-quark interaction. This interaction can be read off the following extended expressions. Thus,
contributes through t and b loops to the γtt and Ztt vertices, but not to the tbW one.
contributes through a b loop only to the γtt, Ztt vertices, but not to the tbW one.
contributes through t-loop to γtt, Ztt but not to tbW .
contributes through a b-loop to γtt, Ztt but not to t → bW . .5) gives no contribution. .6) contributes to the tbW vertex, but not to γtt, Ztt. Finally, the
contributions are obtained from the Oones, by multiplying by the factor 16 3 . Two-quark operators:
Some of the operators in this class contribute already at the tree level, while others only at the 1-loop level. The later contributions arise from triangle diagrams for the γtt, Ztt and tbW vertices, as well as from fermion self-energy ones. When an operator contributes at tree level, we do not care about its 1-loop contributions.
For the operator O t1 , (after subtracting irrelevant contributions to the top mass), we get
which gives no contribution to the amplitudes we are interested. For the γ, Z → tt amplitudes, this comes about from the cancellation of the contributions from the vertex triangles involving (ttH) and (tHχ 3 ) exchanges, and the (tH)-self-energy; while for the t → bW decay, the sum of the (tHχ + ) triangle and the (tH)-self-energy vanishes. The operator
contributes at tree level to tt production. .10) has no effect on tt production, but contributes at tree level to the t → bW decay.
contributes at tree level to both production and decay. The same is true for
contributes at tree level only to tt production. Finally
contributes at 1-loop to production through the (ttg) triangle and the (tg) self-energy; and to t → bW decay through the (tbg) triangle and the (tg) self-energy. Bosonic operators: Contributions in this class arise only at the 1-loop level, through triangle and self-energies diagrams. Thus, O W (see (17) ) contributes to e − e + → tt production through the (W W b) triangle 10 , but gives no contribution to t → bW , since the sum of the m 2 t -enhanced parts of the (tW γ) and (tW Z) triangles vanishes. The operator O W Φ (see (18) ) contributes to production through the (tHχ 3 ) and (χ + χ − b)triangles; and to decay through the (tχ + γ), (tχ + Z), (bχ + γ) and (bχ + Z) triangles. In a similar way O BΦ (see (19) ) contributes to production through the (tHχ 3 ) and (χ + χ − b) triangles, and to decay through the (tχ + γ), (tχ + Z), (bχ + γ) and (bχ + Z) triangles. The operator O U W (see (20) ) contributes to production through the (tHγ) and (tHZ) triangles and to decay through (tHW ). Correspondingly, O U B (see (21) ) contributes to production through the (tHγ) and (tHZ) triangles, (like in the O U W case), but gives no contribution to t → bW decay. Finally O Φ2 (see (22) ) induces a renormalization of the physical Higgs field at the tree level. This, in turn, gives contributions to production, through the ttH-triangle and the tH-self-energy, and to decay through the tH-self-energy. 10 O W does not produce m 2 t terms but it must be taken into consideration since the contribution is proportional to s which is larger than 4m
Appendix B : Top decay distributions
As discussed in Section 4, it is convenient to express the 3-body phase space dΦ 3 (blν l ) in terms of the Euler angles determining the t-decay plane. We start from the process e − (k)e + (k ′ ) → t(p)t(p ′ ) in the center of mass frame, where the momenta are indicated in parentheses; and by θ we denote the (e − , t) scattering angle. The t-frame is defined with its z-axis along the top-quark momentum. The x-axis is taken in the (tt) production plane, so that the y-axis is perpendicular to it and along the direction of − → k × − → p . In order to describe the decay-plane of the process
, in the t-frame (with the momenta indicated in parentheses), we define the Euler rotation
The meaning of these angles is given by remarking that the normal to the t-decay plane, with its orientation defined by
Thus, ϑ 1 , ϕ 1 determine then orientation, while the b quark momentum in the t-rest frame is determined from ψ 1 through the relation
3)
The corresponding expression for the l + momentum is obtained from (B.3) by substituting − → p b → − → p l and ψ 1 → ψ 1 + y 12 , where y 12 is the angle between the b and l + momenta (in the t rest frame). To summarize, it is worthwhile to remark that the above Euler rotation moves the z-axis of the t-frame along the normal to the t-decay plane; while the x-axis is brought along the − → p b momentum, which of course lies within the decay plane.
Finally θ l is the angle between the lepton momentum and the top momentum in the W-rest frame, and it is related to the l + energy in the t-frame by
where the (b, l + ) masses are neglected. Using these Euler angles, we obtain
for the 3-body phase space in the case where the lν-pair is at the W -mass shell [25] .
The 
1/2 . In (B.6), ρ L,R is the top density matrix defined in (50), while R is related to the top decay matrix t τ 1 τ 2 introduced in (56,58) by
The ρ matrix depends only on the e − e + → tt-production and the angle θ, (see (50)); while R depends on the three Euler angles ϕ 1 , ϑ 1 , ψ 1 , (defined in (B.1)) and on the d W j couplings of (51) and the angle θ l . To simplify the expression for R, we only keep terms linear in the NP and the 1-loop SM contributions to the couplings d
10)
and
12)
14)
Using the angular dependence in (B.9-17) and constructing appropriate averages over ϕ 1 , ϑ 1 and ψ 1 , it is possible to project quantities proportional to the ρ factors in each of the three terms of the r.h.s. in (B.8). More explicitly these quantities consist of products of the corresponding ρ elements, and of functions of θ l . Remember that the ρ elements depend only on θ and the NP couplings for γtt, Ztt. Thus, the subsequent construction of forward-backward asymmetries with respect to either θ or θ l respectively, allows the isolation of either the ρ factor or of the corresponding combination of thed W j couplings. To do this we first describe the ρ elements entering the three terms in (B.8). For this, It is convenient to define for i = 1, 2, 3 (compare (44))
where χ ≡ s/(s − M 2 Z ) and the Z width is neglected for s = q 2 > 4m 2 t . We then have
For unpolarized e ∓ beams, only the (L + R)/2 combination, like e.g.
, is measurable through forward-backward asymmetries. There are three ρ and R elements that can be studied this way. If longitudinal electron beam polarization is available, we can also consider the corresponding three (ρ L − ρ R ) combinations and their forward-backward asymmetries.
Thus, by integrating both sides of (B.6) over dϕ 1 d cos ϑ 1 dψ 1 , the first term in the r.h.s. of (B.8) is projected. Integrating also over cos θ l , and constructing the forward-backward asymmetry with respect to the tt production angle θ, allows the study of the NP effects in (ρ ++ + ρ −− ) L,R . This asymmetry is of course the usual forward-backward asymmetry in the differential cross section for the top production through e + e − → tt. We thus have
, (B. 22) for the unpolarized case, while for the L − R one we have
.
(B.23)
The preceding method for constructing the forward-backward asymmetry is just given in order to emphasize its similarity to the methods for constructing the other asymmetries bellow. Consequently, by multiplying both sides of (B.6) by either cos ψ 1 or sin ψ 1 and integrating over dϕ 1 d cos ϑ 1 dψ 1 , the second term in the r.h.s. of (B.8) is projected. Integrating then over cos θ l , we construct the forward-backward asymmetry with respect to θ, for the quantity (ρ ++ − ρ −− ) L,R controlling the angular distribution of the average helicity of the produced top-quark. Thus, in terms of the couplings defined in (44), the forward-backward asymmetry in the top-quark average helicity is 24) for the e ± unpolarized case, while for the L − R one we have
(B.25)
Finally the third term in the r.h,s, of (B.8) is projected by multiplying both sides of (B.6) by quantities like any one of cos ψ 1 sin ϕ 1 , sin ψ 1 cos ϕ 1 cos ϑ 1 , (B.26) sin ψ 1 sin ϕ 1 , cos ψ 1 cos ϕ 1 cos ϑ 1 , (B.27) and integrating over dϕ 1 d cos ϑ 1 dψ 1 . The subsequent integration over cos θ l allows the construction of the forward-backward asymmetry with respect to θ for the quantity ρ L,R +− controlling the angular distribution of the top average transverse polarization. Thus, for unpolarized e ∓ beams, the forward-backward asymmetry in the top transverse polarization is obtained, which is given by 28) while for polarized beams the L − R case gives
(B.29)
For any of the preceding three types of forward-backward asymmetries sensitive to the tt production couplings, we can construct corresponding asymmetries sensitive to the decay couplingsd W j . This is done in all cases by integrating at the last step over cos θ (instead of over cos θ l done above) and constructing the forward-backward asymmetry with respect to θ l . As before, we always work to linear order ind For the second case, we have already stated that the asymmetries (B.24,25) are obtained by using either cos ψ 1 or sin ψ 1 to project out the ρ factor in the second term in the r.h.s. of (B.8). For the θ l asymmetry though, these two projections give different asymmetries. Thus the asymmetry obtained through cos ψ 1 is To linear order in the NP couplings, all these asymmetries can be expressed as a product of a factor describing the SM contribution, and another factor describing the NP correction. For this NP correction a tree level calculation is sufficient. Any QCD and 1-loop radiative corrections should in general be incorporated in the SM factor only. The QCD corrections have to some extent been studied in [22, 19] and have been found rather small. In any case this is something which we plan to do in the future. It is also interesting to remark that while the production asymmetries are sufficient to determine all d Finally we should also remark that the case where the t-quark decays hadronically, whilet →bl −ν , is very similar. Thus, if the orientation of thet-rest frame is defined to be like the one obtained from the t-frame by rotating it by 180 0 around the perpendicular to the tt production plane; and if the new Euler angles for thet decay plane are called (ϕ 2 , ϑ 2 , ψ 2 ), and θ l is defined analogously; then all formulae in this Appendix remain the same, except of (B.12-17) where we should replace ϕ 1 , ψ 1 , ϑ 1 ⇒ ϕ 2 , ψ 2 , − ϑ 2 .
(B.33)
This way, all forward-backward asymmetries remain formally identical. Note though, that the definition of the top production angle θ implies that (forward-backward) fort means that we should subtract as Backward(t) − Forward(t) .
(B.34)
